Early psychological interventions, such as exposure therapy, rely on extinction learning to reduce the development of stress-and traumarelated disorders. However, recent research suggests that extinction often fails to reduce fear when administered soon after trauma. This immediate extinction deficit (IED) may be due to stress-induced dysregulation of neural circuits involved in extinction learning. We have shown that systemic β-adrenoceptor blockade with propranolol rescues the IED, but impairs delayed extinction. Here we sought to determine the neural locus of these effects. Rats underwent auditory fear conditioning and then received either immediate (30 min) or delayed (24 h) extinction training. We used bilateral intracranial infusions of propranolol into either the infralimbic division of the medial prefrontal cortex (mPFC) or the basolateral amygdala (BLA) to examine the effects of β-adrenoceptor blockade on immediate and delayed extinction learning. Interestingly, intra-BLA, but not intra-mPFC, propranolol rescued the IED; animals receiving intra-BLA propranolol prior to immediate extinction showed less spontaneous recovery of fear during extinction retrieval. Importantly, this was not due to impaired consolidation of the conditioning memory. In contrast, neither intra-BLA nor intra-mPFC propranolol affected delayed extinction learning. Overall, these data contribute to a growing literature suggesting dissociable roles for key nodes in the fear extinction circuit depending on the timing of extinction relative to conditioning. These data also suggest that heightened noradrenergic activity in the BLA underlies stress-induced extinction deficits. Propranolol may be a useful adjunct to behavioral therapeutic interventions in recently traumatized individuals who are at risk for developing trauma-related disorders.
INTRODUCTION
Early interventions (eg, exposure therapy) after psychological trauma are aimed at reducing the development of stressorand trauma-related disorders such as post-traumatic stress disorder (PTSD). The timing of these therapeutic interventions relative to trauma may be a key factor in their longterm success. However, both human and animal research suggest that early interventions may actually worsen symptoms (Bryant, 2002; Maren and Chang, 2006) relative to delayed interventions. Using Pavlovian fear conditioning and extinction procedures in rats, we and others have similarly found that administering extinction trials soon (minutes to several hours) after conditioning yields little long-term extinction (Kim et al, 2010; Macpherson et al, 2013; Maren and Chang, 2006; Maren, 2014; Stafford et al, 2013) . This 'immediate extinction deficit' (IED) may be caused by stress-induced impairments of extinction learning and recall (Maren and Holmes, 2016) , because it is not observed with weak conditioning procedures (Maren and Chang, 2006) . Thus, 'extinction-like' therapies in humans may fail when administered soon after trauma (when victims are still under duress) and lead to fear relapse (Bouton, 2000; Goode and Maren, 2014) .
Considerable evidence indicates that stress-induced impairments in extinction learning are mediated by the medial prefrontal cortex (mPFC) (Holmes and Wellman, 2009; Maren and Holmes, 2016) , a brain area that is critical for extinction learning Milad and Quirk, 2012) . In particular, activity in the infralimbic (IL) subdivision of the mPFC is thought to underlie extinction learning (Bukalo et al, 2015; Do-Monte et al, 2015; Fitzgerald et al, 2014) . One possibility is that stressinduced elevations in noradrenergic signaling dysregulate mPFC function and impair mPFC-dependent psychological processes, including extinction. Consistent with this possibility, it has long been appreciated that norepinephrine (NE) is chronically elevated in patients with PTSD (Geracioti et al, 2001 ; Southwick et al, 1999) , and animal research has shown that stressors, including footshock, result in elevated prefrontal NE release (Hugues et al, 2007) . NE may also indirectly influence the mPFC by modulating its inputs (Arnsten et al, 2015) , including the basolateral amygdala (BLA), another brain area implicated in stress-impaired extinction learning (Maren and Holmes, 2016) .
In support of this model, we have recently shown that systemic administration of D,L-propranolol, a non-selective β-adrenoceptor antagonist, immediately after fear conditioning (and just prior to immediate extinction) facilitates extinction retention and 'rescues' the IED (Fitzgerald et al, 2015) . Propranolol also mitigates conditioning-induced suppression of IL spontaneous single-unit activity, which may have facilitated extinction learning under stress. In contrast, systemic propranolol administered prior to delayed extinction (24 h after conditioning) impaired extinction retention (Fitzgerald et al, 2015) . Interestingly, recent work indicates that oral propranolol administration in humans also facilitates extinction learning under some conditions (Kroes et al, 2016) . Little is known, however, concerning the brain areas mediating the effects of systemic propranolol on extinction learning. Indeed, there is some evidence that propranolol administered directly to the mPFC impairs delayed extinction (Mueller et al, 2008) , but the brain regions mediating the effects of propranolol on immediate extinction are not known. Here we examine the contribution of β-adrenoceptor activity in the IL and BLA during immediate and delayed extinction using bilateral intracranial infusions of propranolol.
MATERIALS AND METHODS

Subjects
One hundred and twenty-eight experimentally naïve adult male Long-Evans rats (Blue-Spruce strain; weighing 200-224 g; 50-57 days old) were obtained from a commercial supplier (Envigo, Indianapolis, IN). The rats were individually housed in cages within a temperature-and humiditycontrolled vivarium, and kept on a 14:10 h light/dark cycle (lights on at 0700 hours) with ad libitum access to food and water. All experiments took place during the light phase of the cycle. Rats were handled for~30 s a day for 5 days to habituate them to the experimenter before any behavioral testing or surgical procedures were carried out. All experiments were conducted at Texas A&M University with full approval from its Animal Care and Use Committee.
Surgical Procedures
Rats were randomly assigned to experimental groups prior to surgery. One week before behavioral testing took place, rats were anesthetized with isoflurane (5% induction,~2% maintenance) and secured in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). The scalp was incised and retracted; three burr holes were drilled for anchor screws; additional holes were drilled in the skull overlying the mPFC or amygdala to allow for cannula implantation. The IL cortex was targeted by a single cannula (8 mm, 26 gauge; Plastics One) implanted on the midline (AP: +2.7, ML: +1.0 (insertion point), DV: − 4.9 at an 11°angle; all coordinates relative to bregma at skull surface). This procedure has been used by other laboratories to pharmacologically manipulate the IL in both hemispheres of the brain (Mueller et al, 2008) . For the BLA, guide cannulae (10 mm, 26 gauge) were implanted bilaterally (AP: − 2.9, ML: ± 4.8, DV: − 8.55). Three jeweler's screws were affixed to the skull, and the skull surface was covered with dental cement to secure the cannulae to the skull. Stainless steel dummy cannulae (30 gauge) were inserted into the guide cannulae (extending 1 mm beyond the end of the guide). Rats were allowed to recover on a warmed heating pad prior to returning to the vivarium. Dummy cannulae were replaced twice in the week following surgery (prior to behavior) and again after the infusion session.
Drug Infusions
Intracranial infusions were made as previously described (Acca et al, 2017) . Briefly, rats were transported to an infusion room (either from the conditioning room for immediate and no-extinction procedures or from the vivarium for delayed extinction). Dummies were then removed, and stainless steel injectors (33 gauge) connected to Hamilton syringes mounted in an infusion pump were inserted into the guide cannulae for intracranial infusions. All infusions were made approximately 20 min prior to the extinction or no-extinction session. D,L-Propranolol hydrochloride was obtained from a commercial supplier (SigmaAldrich) and was dissolved in sterile saline (10 μg/μl for mPFC and 5 μg/μl for BLA). Infusions (0.5 μl/target) were made at a rate of 0.25 μl/min for 2 min and the injectors were left in place for 1 min to allow for diffusion (mPFC: 5 μg along midline; BLA: 2.5 μg/hemisphere). The propranolol dose and volume were chosen based on previous reports (Debiec and Ledoux, 2004; Dębiec et al, 2011; Mueller et al, 2008) . After the infusions, clean dummies were secured to the guide cannulae.
Behavioral Apparatus and Procedures
The behavioral procedures were conducted in 16 standard rodent conditioning chambers (30 × 24 × 21 cm; Med Associates, St Albans, VT) housed in sound-attenuating cabinets. Each chamber consisted of two aluminum sides, a Plexiglas rear wall and top, and a hinged Plexiglas door. The grid floor contained 19 stainless steel rods (4 mm diameter) spaced 1.5 cm apart (center-to-center). Rods were connected to a shock source and solid-state grid scrambler (Med Associates) for the delivery of footshocks. A loudspeaker mounted on the outside of a grating in one aluminum wall was used to deliver auditory stimuli. Locomotor activity was transduced into an electrical signal by a load cell under the floor of the chamber to automatically measure freezing.
Approximately 1 week after surgery, rats underwent fear conditioning, extinction (immediate, no-extinction, or delayed), and extinction retrieval sessions using an 'ABB' design: conditioning occurred in context A and extinction training and retrieval testing occurred in context B. Rats were run in squads of eight. For conditioning (context A), rats were transported from the vivarium to the behavioral room in black plastic transport boxes. The conditioning chambers were cleaned with a 1% ammonium hydroxide solution and a metal pan beneath the grid floor contained a thin layer of the same solution. The room had red ambient lighting and the sound attenuating cabinet doors were closed prior to beginning the session. Conditioning consisted of a 3-min stimulus-free baseline period followed by 5 tone (10 s, 2 kHz, 80 dB)-shock (2 s, 1 mA) pairings (shock onset occurred at tone offset) with a 1 min inter-trial interval (ITI) between each tone presentation. Rats remained in the chamber for 3 min following the last footshock.
For the extinction, no-extinction, and retrieval sessions (context B), the rats were transported in white plastic boxes. Chambers were cleaned with a 1% acetic acid solution and a metal pan beneath the grid floor contained a thin layer of the same solution. House lights and ventilation fans within each chamber were turned on and the room containing the chambers was illuminated with overhead white fluorescent lights. The doors of the sound attenuating cabinets were left open. After a 3-min baseline period, rats received 45 tonealone trials (1 min ITI) and remained in the chamber for 3 min following the last tone. The extinction training and retrieval test sessions were identical. Rats in the 'noextinction groups' underwent an identical procedure except that no tone-alone trials were delivered during the initial extinction session (ie, soon after conditioning and intra-cranial infusions).
In Experiment 1, we examined the influence of intracranial propranolol infusions on immediate extinction (BLA VEH, n = 12; mPFC VEH, n = 6; BLA PROP, n = 14; mPFC PROP, n = 5). We also included a no-extinction control group (BLA VEH, n = 12; mPFC VEH, n = 7; BLA PROP, n = 14; mPFC PROP, n = 6) to determine whether intra-cranial propranolol affected consolidation of the conditioning memory (Fitzgerald et al, 2015) . In Experiment 2, we examined the effects of intra-cranial propranolol infusions on delayed extinction (BLA VEH, n = 6; mPFC VEH, n = 7; BLA PROP, n = 6; mPFC PROP, n = 7). The immediate and no-extinction conditions for the BLA placements were conducted in replicate, which accounts for the greater number of subjects in those groups.
Histology
Rats were overdosed with sodium pentobarbital (100 mg/kg) and perfused transcardially with 0.9% saline followed by 10% formalin. Brains were extracted from the skull and post-fixed in a 10% formalin solution for 24 h followed by a 30% sucrose solution where they remained for a minimum of 48 h. After the brains were fixed, coronal sections (40 μm thickness) were made on a cryostat (−20°C), mounted on subbed microscope slides, and stained with thionin (0.25%) to visualize cannula placements (Figure 1 ). Twenty-six rats with cannula placements that were not located within the target region were excluded from the analyses. (b) Cannula placements for all the animals are depicted in schematic coronal sections. For ease of illustration, we plot placements across the three extinction manipulations (immediate extinction = triangles, no-extinction = squares, and delayed extinction = circles); the distribution of placements was similar across experiments and drug groups.
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Data Analysis
Data were analyzed with conventional parametric statistics (StatView; SAS Institute). Freezing for each trial was averaged across a 70-s interval, which included both the CS (10-s) and ITI (60-s). Freezing during the CS+ITI period is highly correlated with freezing to the CS itself, but is less susceptible to competition by the CS-elicited orienting response. Two-way analysis of variance (ANOVA) and repeated-measures ANOVA were used to assess general main effects and interactions (α = 0.05). Results are shown as mean ± SEM.
RESULTS Experiment 1: Intra-BLA Propranolol Rescues the IED
This experiment sought to determine whether antagonizing β-adrenoceptors in the IL division of the mPFC or the BLA would facilitate extinction learning soon after conditioning. Rats were first conditioned with 5 tone-shock pairings in Context A. Immediately after conditioning, rats received either intra-mPFC or intra-BLA propranolol (or vehicle) followed (~20 min) by extinction trials in a new context (Context B). Forty-eight hours later, the animals were returned to Context B for an extinction retrieval session. There were no differences in the behavior of control rats receiving VEH infusions into the IL or BLA, so these groups were combined to form a single control group.
As shown in Figure 2a , rats exhibited low levels of freezing behavior during the baseline period prior to the first conditioning trial, and increased their freezing behavior across conditioning trials; there were no differences between the groups (the animals were drug-free during conditioning). An ANOVA with a between-subjects variable of group and a within-subjects variable of trial revealed only a significant effect of trial (F(2,5) = 32.9, po0.01). During the extinction session (Figure 2b ), intra-mPFC or intra-BLA propranolol infusions also did not affect freezing behavior. Rats in each group showed modest levels of freezing during the pre-CS baseline period, which is typical of recently shocked animals (Maren and Chang, 2006) . Presentation of CS-alone trials augmented freezing in all of the animals, and this decreased similarly between groups over the course of extinction training. These impressions were confirmed in an ANOVA, which revealed only a main effect of trials (F(2,5) = 14.72, po0.01).
Forty-eight hours later the rats received a drug-free retention test consisting of a second extinction session (ie, 45 tone-alone trials in Context B). All groups showed low levels of baseline freezing (Figure 2c ). CS presentations increased freezing in each group, and this decreased throughout the session (main effect of trials, F(2,9) = 10.06, po0.01). Inspection of the data, however, suggests that BLA propranolol facilitated extinction retention in the earliest test trials. Indeed, an ANOVA with a between-subjects variable of group run on the first 5-trial block revealed a main effect of group (Figure 2c, F(2,34) = 3.40, po0.05). Planned comparisons indicated that rats receiving intra-BLA, but not intra-mPFC, propranolol infusions prior to the immediate extinction session exhibited lower levels of freezing than rats in the other groups. In other words, noradrenergic antagonism in the BLA attenuated the IED and promoted long-term extinction retention. This is in agreement with an earlier report in which systemic propranolol facilitated extinction retention in the initial trials of the retrieval test (Fitzgerald et al, 2015) .
Of course, it is possible that post-conditioning propranolol infusions into the BLA simply interfered with consolidation of the conditioning memory. To examine this possibility, another group of animals underwent a protocol identical to that described above except that extinction trials were not delivered after drug infusion (ie, 'no-extinction'; context exposure only). As expected, all groups displayed similar increases in freezing behavior across conditioning. An ANOVA revealed only a main effect of trials (Figure 2d , F(2,5) = 45.43, po0.01). During the context exposure session, all groups exhibited modest levels of freezing that decreased throughout the session. These observations were confirmed by an ANOVA, which revealed only a main effect of trials (Figure 2e , F(2,5) = 7.8, po0.01). Forty-eight hours later, rats received a retrieval session consisting of 45 CSalone trials. After the baseline period, all groups showed high levels of freezing to the CS, which decreased throughout the session at a similar rate. These observations were confirmed by ANOVA, which revealed only a main effect of trials ( Figure 2f , F(2,9) = 17.4, po0.01). Hence, post-conditioning propranolol in the absence of extinction training did not affect the consolidation of fear (Debiec and Ledoux, 2004; Fitzgerald et al, 2015; Schiff et al, 2017) .
Experiment 2: Intra-BLA or Intra-mPFC Propranolol Does Not Affect Delayed Extinction
Previous experiments have revealed that systemic (Fitzgerald et al, 2015) or intra-mPFC (Mueller et al, 2008) propranolol impairs extinction using a standard delayed protocol. Here we sought to compare the effects of intra-BLA and intramPFC propranolol using a delayed extinction procedure. Animals underwent a behavioral protocol similar to that in Experiment 1 except that drug infusion (and extinction) occurred 24 h after fear conditioning. Similar to the experiments above, all groups exhibited low levels of freezing during the pre-conditioning baseline period and increased freezing over the course of conditioning. This was confirmed by an ANOVA, which revealed only a main effect of trials ( Figure 3a , F(2,5) = 37.34, p o0.01). Twenty-four hours after conditioning, the rats received intracranial infusions prior to delayed extinction training. Intra-cranial propranolol administration did not affect freezing during the extinction session ( Figure 3b , F(2,5) = 28.94, po0.01), nor did it affect the retention of extinction the following day (Figure 3c) . A repeated measures ANOVA revealed no effect of drug on extinction performance; all groups showed a small increase in CS-elicited freezing across the test session (Figure 3c , main effect of trials, F(2,90) = 7.85, po0.01).
To compare the behavioral outcomes across the experiments, we analyzed the first 5-trial block of the extinction retrieval test for each experimental condition. As shown in Figure 4 , rats that received VEH or propranolol infusions into the mPFC exhibited an IED; they exhibited freezing that was no different from non-extinguished controls (and substantially higher than that after delayed extinction). In contrast, rats that received intra-BLA propranolol infusions Figure 2 Intra-BLA propranolol rescues the immediate extinction deficit. (a) Percentage of freezing behavior (means ± SEMs) during fear conditioning in animals that underwent immediate extinction (VEH, n = 18; mPFC, n = 5; BLA n = 14). Intra-cranial injections were made immediately after fear conditioning. (b) Percentage of freezing behavior (means ± SEMs) during the extinction session, which was conducted 20 min after fear conditioning. Intra-cranial infusions of propranolol into the BLA or PFC did not affect freezing behavior during the extinction session. (c) Percentage of freezing behavior (means ± SEMs) during a second drug-free extinction session, which served as an index of extinction retention. Rats that received intra-BLA propranolol immediately after fear conditioning exhibited lower levels of freezing than those receiving mPFC propranolol or vehicle infusions. This suggests that intra-BLA propranolol facilitated extinction retention. *po0.05. (d) Percentage of freezing behavior (means ± SEMs) during fear conditioning in control animals that received post-training intracranial drug injections, but did not undergo extinction (VEH, n = 19; mPFC, n = 6; BLA n = 14). Intra-cranial injections were made immediately after fear conditioning. (e) Percentage of freezing behavior (means ± SEMs) during the context exposure session, which was conducted 20 min after fear conditioning; tones were not delivered during this session. Intra-cranial infusions of propranolol into the BLA or mPFC did not affect freezing behavior during the exposure session. (f) Percentage of freezing behavior (means ± SEMs) during a drug-free extinction session, which served as an index of the retention of conditioned fear. Post-conditioning intra-cranial propranolol infusions did not affect freezing behavior during the retention test; propranolol facilitated extinction retention (c) rather than disrupting the consolidation of the conditioning memory. Figure 3 Intra-BLA or intra-mPFC propranolol does not affect delayed extinction. (a) Percentage of freezing behavior (means ± SEMs) during fear conditioning (VEH n = 13, mPFC n = 7, BLA n = 6). (b) Percentage of freezing behavior (means ± SEMs) during a delayed extinction session that occurred 24 h after conditioning (and immediately after intra-cranial infusions). Drug infusion did not alter freezing behavior between groups. (c) Percentage of freezing behavior (means ± SEMs) during a drug-free extinction retrieval test that took place 24 h following extinction. Prior drug did not impact extinction retrieval.
Intra-amygdalar propranolol facilitates immediate extinction TF Giustino et al did not exhibit an IED, and showed low levels of freezing under both extinction conditions. These impressions were confirmed in an ANOVA with variables of group and extinction condition, which revealed a main effect of extinction condition (F(2,2) = 5.54, po0.01). This supports the idea that the timing of extinction relative to conditioning is a key factor determining the long-term retention of extinction (ie, immediate extinction is impaired relative to delayed). In addition, we observed a significant group × extinction condition interaction (F(2, 94) = 2.59, po0.05), which reveals the differential effect of intra-BLA propranolol on freezing in the IED relative to the other groups. Interestingly, we did not find that intra-mPFC propranolol impairs delayed extinction as has been previously reported (Mueller et al, 2008) .
DISCUSSION
Fear extinction deficits, including the IED, are thought to reflect impaired mPFC function Fitzgerald et al, 2015; Fucich et al, 2016; Giustino et al, 2016; Kim et al, 2010; Maren, 2014) and this may relate to elevated noradrenergic signaling (Fitzgerald et al, 2015; Giustino et al, 2016) . We demonstrate here that selectively blocking β-adrenoceptors within the BLA enables extinction where it normally fails. This effect was not observed when propranolol was infused into the mPFC. Importantly, neither intra-mPFC nor intra-BLA propranolol altered fear memory consolidation or delayed extinction learning. These data suggest that heightened noradrenergic signaling in the BLA may be a particularly important component underlying stress-induced extinction deficits.
We and others have demonstrated that extinction learning is impaired when administered soon after conditioning (Hollis et al, 2016; Kim et al, 2010; Macpherson et al, 2013; Maren and Chang, 2006; Maren, 2014; Merz et al, 2016) . The IL is thought to underlie successful extinction learning (Bukalo et al, 2015; Do-Monte et al, 2015) . Therefore, it has been suggested that aberrant mPFC activity may result in extinction deficits (Fucich et al, 2016; Giustino and Maren, 2015; Maren, 2014; Milad and Quirk, 2012) . Because immediate extinction takes place soon after conditioning, during a state of high psychological stress, we hypothesized that elevated NE (presumably released from the locus coeruleus) may subserve extinction deficits. Previous work suggests that NE levels are elevated during conditioning and delayed extinction in the mPFC and BLA (Galvez et al, 1996; Hugues et al, 2007; Ishizuka et al, 2000) . We have recently shown that systemic propranolol rescues the IED and that this seemed to be due to stabilizing prefrontal activity soon after conditioning (Fitzgerald et al, 2015) .
Importantly, the effects of systemic propranolol on the IED do not appear to be due to antagonism of β-adrenoceptors in the mPFC. We show that intra-mPFC propranolol has no effect on the three conditions tested: immediate extinction, fear memory consolidation, and delayed extinction. During delayed extinction, animals that received intra-mPFC propranolol tended to show moderately elevated levels of freezing; however, this was not significantly different from vehicle controls or rats that received intra-BLA propranolol prior to delayed extinction. Our results contrast with others who have observed that intra-mPFC propranolol impairs delayed extinction learning (Mueller et al, 2008) . However, there are several reasons that might explain this disparity. First, Mueller et al (2008) trained rats to lever press for food in the conditioning chambers, and then measured freezing coincident with response suppression during the CS. Response suppression might engage mPFC to a greater extent than the standard fear conditioning procedure used here. Second, Mueller et al (2008) used much shorter and weaker footshocks than those used in the present study. It is conceivable that these procedures resulted in relatively lower levels of fear-induced NE release during extinction, thereby rendering it more sensitive to intramPFC propranolol. Lastly, it is also possible that strain differences in the contribution of the mPFC to extinction learning accounted for the disparity in these reports ).
An important finding in the present experiment is that post-conditioning propranolol alone did not affect the retention of fear conditioning. These data are in agreement with our systemic propranolol findings (Fitzgerald et al, 2015) and Figure 4 Summary and circuit model. (a) Percentage of freezing behavior (means ± SEMs) plotting the average freezing for the first five trials (CS+ITI) during the retrieval test for all groups from each behavioral condition. Vehicle rats showed high freezing, characteristic of the immediate extinction deficit, which did not differ from no-extinction controls. Rats that underwent immediate extinction following intra-BLA propranolol did not exhibit the IED, showing similarly low levels of freezing to animals that underwent delayed extinction. (b) We propose a circuit underlying the IED where locus coeruleus (LC) norepinephrine preferentially increases BLA activity, which ultimately dampens mPFC output resulting in impaired extinction.
reveal that propranolol did not attenuate the IED by impairing the consolidation of the conditioning memory. This is in line with work that has demonstrated that β-adrenoceptor activity is critical for the acquisition, but not consolidation, of conditioned fear (Bush et al, 2010; Debiec and Ledoux, 2004; Roozendaal et al, 2006; Schiff et al, 2017) . Here, we confirm and extend these results. Our data suggest that while elevated noradrenergic activity may not be directly involved in the consolidation of the CS-US memory, heightened noradrenergic activity soon after conditioning appears to interfere with the successful acquisition and retention of a new and competing extinction memory. Indeed, the IED may be due to a deficit in the consolidation of the extinction memory insofar as within-session extinction proceeds normally during immediate extinction and is unaffected by intra-BLA propranolol infusions. Nonetheless, systemic propranolol influences prefrontal cortical neuronal activity soon after fear conditioning, and this might influence encoding of long-term extinction memories.
Interestingly, the present results reveal that β-adrenoceptors in the BLA mediate the effects of systemic propranolol on the IED and possibly shock-induced changes in mPFC spike firing (Fitzgerald et al, 2015) . While our previous work suggested that the mPFC may be a key locus of action for propranolol, it is conceivable that shock-induced changes in mPFC activity are regulated by mPFC afferents (including the BLA). Indeed, heightened β-adrenoceptor activation promotes BLA excitability during conditioning (Skelly et al, 2017) . This may modulate mPFC activity (Arnsten, 2009; Arnsten et al, 2015; Ji et al, 2010) , leading to the IED. Consistent with this idea, Lin et al (2016) showed that extinction deficits (caused by single-prolonged stress) are associated with increased NE in both the mPFC and amygdala. In addition, it has recently been shown that propranolol infusions in the BLA facilitate the induction of hippocampal-prefrontal synaptic plasticity (Lim et al, 2017) , which has previously been implicated in extinction learning (Deschaux et al, 2011; Peters et al, 2010; Stafford et al, 2012) . Ultimately, the BLA is well positioned to modulate the contribution of the mPFC to extinction learning. Importantly, our data show that intra-BLA propranolol prior to delayed extinction had no effect on extinction retrieval. This time-dependent enhancement of extinction suggests NE levels may be beyond 'optimal' soon after conditioning, impairing prefrontal processing and resulting in the IED. However, stress (and NE) may be relatively lower at the onset of delayed extinction, leading to decreased recruitment of low-affinity β-adrenoceptors in either the mPFC or BLA. Considerable data reveal that stress increases the activity of locus coeruleus (LC) neurons (Bangasser et al, 2016; Valentino and Van Bockstaele, 2008) , and this is associated with increased noradrenergic release in the BLA and mPFC, which may play a role in learning and memory (Berridge and Waterhouse, 2003; Sara, 2015; Uematsu et al, 2015) . We propose that LC-driven increases in BLA excitability through activation of β-adrenoceptors might ultimately suppress mPFC activity, thereby undermining successful extinction when it occurs soon after conditioning (Figure 4b ). Indeed, it is possible that different populations of BLA-and mPFC-projecting neurons in the LC are engaged during immediate and delayed extinction.
Overall, the present data contribute to a growing literature suggesting dissociable roles for key nodes in the fear extinction circuit depending on the timing of extinction relative to conditioning. Our data suggest that elevated noradrenergic activity in the BLA, but not the mPFC, underlies extinction deficits during high psychological stress. Further work is required to explore this circuitry, but one possibility is that LC-NE enhances BLA excitability which ultimately suppresses mPFC activity, resulting in the IED. Propranolol may therefore be a useful adjunct to behavioral therapeutic interventions in recently traumatized individuals who are at risk for developing trauma-related disorders (Giustino et al, 2016; Kroes et al, 2016) .
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